ABSTRACT SOL1, the founding member of the S. cerevisiae SOL family, was previously identified as a multi-copy suppressor of the los1 defect in tRNA-mediated nonsense suppression. Here we report that the fourmember SOL family is not essential and that individual family members appear to have distinct functions. SOL1-SOL4 are homologous to genes encoding 6-phosphogluconolactonase (6Pgl) involved in the pentose phosphate pathway. Both Sol3p and Sol4p affect this activity. However, Sol4p does not act as a los1 multicopy suppressor. In contrast, neither Sol1p nor Sol2p, both of which correct the los1 defect in nonsense suppression, possess detectable 6Pgl activity. Rather, Sol1p and Sol2p appear to function in tRNA nuclear export as sol1 and sol2 mutants possess elevated levels of nuclear tRNA. Members of the Sol protein family appear to have different subcellular distributions. Thus, Sol3p and Sol4p likely function in carbohydrate metabolism, while Sol1p and Sol2p appear to have roles in tRNA function and nuclear export, thereby defining an unusual protein family whose individual members are biochemically distinct and spatially dispersed.
epitope (Sol1p-HA) inserted into the low-copy vector YCp50.
Cells containing individual or any combination of SOL1, WS64 (referred to as pRSSOL1-ET) contains the same con-SOL2, and SOL3 deletions are viable (Shen et al. 1996) . struct in vector pRS426 (Shen et al. 1996) . SOL1, the founding member, is an efficient multi-copy A genomic region containing SOL4 was obtained by PCR suppressor of the loss of nonsense suppression defect amplification using primers SOL45 (TGTGTGGGGCCC GTTCAAGAATGG) and SOL43 (CTTCCATGCAGCTGGCCC of los1 mutants. SOL2 also acts as a los1 suppressor, but GAAGC). The template was genomic DNA from strain W303.
to a lesser extent than SOL1. In contrast, SOL3 is a
The PCR product was gel purified, cut with PvuII and ApaI, very weak multi-copy suppressor of los1 mutations. Our trimmed with T4 DNA polymerase, and ligated into SmaIprevious studies of the Sol proteins did not provide a cut pRS426 to generate plasmids pWCS39A (referred to as mechanism by which they acted as multi-copy supprespRSSOL4) and pWCS39B containing opposite orientations of the SOL4 gene. GST-tagged versions of SOL1 (pGST-SOL1), sors of los1 (Shen et al. 1996) .
SOL2 (pGST-SOL2), and SOL4 (pGST-SOL4) in plasmid pYEX
The yeast genome contains numerous other examples 4T-1 were obtained from the arrayed GST-ORF collection genof reiterated genes, thought to result from genome duerated by Phizicky and colleagues (Martzen et al. 1999). plication (Wolfe and Shields 1997; Langkjaer et al. Yeast strains: We used the following published yeast strains: 2003) . Although most reiterated genes such as those X2316-3C (MAT␣ LOS1 SUP4 ade2-1 can1-100 lys1-1 his5-2 trp5-48 ura3-1; Hopper et al. 1980); 201-1-5 (MAT␣ los1-1 SUP4 encoding ribosomal proteins and histones are present ade2-1 can1-100 lys1-1 his5-2 trp5-48 ura3-1; Hopper et al. 1980 We revisited the function of the SOL genes because: (Guldener et. al. 1996) in X2316-3C and WCS18, respectively.
(1) completion of the S. cerevisiae genome sequence
The plasmid pAG32 (Goldstein and McCusker 1999) containing the hph r cassette was used as a template, and the uncovered a fourth family member, SOL4 (Feroli et al. been uncovered (Collard et al. 1999; Duffieux et al. (MAT␣ LOS1 SUP4 ade2-1 can1-100 lys1-1 his5-2 trp5-48 ura3-1 2000; Hager et al. 2000; Clarke et al. 2001 nuclear export, which accounts for their effects on Growth and suppression assays: To assess growth, yeast strains were grown to saturation in liquid media that selects tRNA-mediated nonsense suppression. Unlike Sol1p for the plasmid of interest and then 10 l of serial dilutions and Sol2p, the other two members of this family, Sol3p of cells were spotted onto solid media and incubated for [3] [4] and Sol4p, affect 6-phosphogluconolactonase (6Pgl; EC days at the indicated temperatures. To assess nonsense sup-3.1.1.31) activity. Moreover, the various Sol proteins pression of ade2-1, cells were either replica plated or spotted appear to have different subcellular distributions. Thus, to solid media containing reduced levels of adenine and incuthe SOL family may provide a new paradigm of a protein bated 2-4 days at the indicated temperatures. Cells with wildtype levels of nonsense suppression gave rise to white colonies, family whose individual members are both spatially diswhereas cells defective in nonsense suppression gave rise to persed and biochemically distinct. pink or red colonies.
Measurement of 6-phosphogluconolactonase activity: 6Pgl activity was assayed as previously described (Collard et al. MATERIALS AND METHODS 1999) . Protein extracts were prepared at 4Њ in 50 mm TrisHCl (pH 7.5), 5 mm EDTA, 1 mm DTT containing protease Plasmids and constructs: Plasmids WS37 (referred to as inhibitors (5 g/ml leupeptin, pepstatin, and aprotinin and pRSSOL1), WS80 (pRSSOL2), and WS92 (pRSSOL3) with 0.5 mm PMSF) utilizing glass beads. The activity assay follows genomic SOL1, SOL2, and SOL3 regions inserted into vector the production of NADPH by the dehydrogenases that flank pRS426 were previously described (Shen et al. 1996) . YCp-SOL1-ET contains SOL1 tagged at the C terminus with a HA the phosphogluconolactonase in a coupled reaction. Glucose-Sol Protein Family 6-phosphate dehydrogenase (EC 1.1.1.49) converts glucoseSol1p (84%; Figure 1A ), whereas Sol3p has 56% similar-6-phosphate and NADP ϩ to NADPH and 6-phosphogluity to Sol1p. The level of multi-copy suppression of cono-1,5-lactone, the substrate for 6Pgl, which converts this los1 mutants correlated with the similarity to Sol1p (i.e., molecule to 6-phosphogluconate. 6-Phosphogluconate dehydro-SOL1ϾSOL2ϾϾϾSOL3; Shen et al. 1996) . Since then and 70% similarity ( Figure 1A ).
Immunofluorescence and fluorescence in situ hybridization:
SOL4 was cloned by PCR from strain W303 and the Indirect immunofluorescence was carried out as previously sequence proved to be identical to that from strain described (Shen et al. 1993) . Primary mouse monoclonal anti-S288C (Tettelin et al. 1997 ; Saccharomyces Genome body 12CA5 against the HA epitope (Babco, lot L588b) was used at 1:500 dilution to detect Sol1p (A) Ability of multi-copy SOL1 and multi-copy SOL4 to suppresses the los1 growth defect. LOS1 and los1::kan r cells containing pRS426, pRSSOL1, or pRSSOL4 were grown to saturation, serially diluted, and aliquots were spotted onto solid media lacking uracil and incubated at 23Њ, 34Њ, or 37Њ for 3 days. (B) Effect of deletion of SOL genes upon tRNA-mediated ade2-1 nonsense suppression at various temperatures. Strains were patched onto YEPD and then replicate plated onto defined media lacking adenine and incubated at the indicated temperatures for 3 days.
lies, there are also significant differences in other catadomain ( Figure 1A , HsH6PD and Pf6PGL; Shen et al. 1996; Collard et al. 1999; Clarke et al. 2001) . A few lytic residues and a region of the Nag proteins known as the active site lid is completely different in the Sol eubacteria also have additional homologs of this family. E. coli has genes for agaI (putative galactosamine proteins ( Figure 1B ; compare HsOscl residues 162-182 and ScSol1p residues 225-238; Rudino-Pinera et al. Sol family members are present in most eukaryotes DevB/Pgl family are found in Archaea. Some of the SOL/devB/pgl homologs encode 6-phos-(Ͼ150 in the full alignment) and a large number of eubacteria (Figure 1 ). Nag proteins are present in a phogluconolactonase activity (Collard et al. 1999; Duffieux et al. 2000; Hager et al. 2000; Clarke et al. 2001 ). majority of eukaryotes, but appear to be absent from plants and Saccharomycetes (except Candida), the very 6Pgl (EC 3.1.1.31) catalyzes the second step of the pentose phosphate pathway, the conversion of 6-phosphoorganisms that possess multiple genes for the Sol proteins. Eubacteria lacking SOL (devB/pgl) genes usually gluconolactone to 6-phosphogluconate. We tested the S. cerevisiae SOL family for 6Pgl activity, employing a have a nagB gene, whereas other eubacteria contain genes for both. Vertebrates as well as a few single-cell previously described assay that monitors production of NADPH by the successive activity of the enzymes glucose eukaryotes have an additional form of the Sol/DevB/ Pgl family, a fusion protein containing a Sol/Pgl domain 6-phosphate dehydrogenase, 6Pgl, and 6-phosphogluconate dehydrogenase (Collard et al. 1999) . Given the as well as a glucose 6-phosphate dehydrogenase (G6PD) are overlayed on the CLUSTAL X generated dendrogram (see materials and methods). ScSol1p, ScSol2p, ScSol3p, and ScSol4p, S. cerevisiae Sol family members; CaSol1p and CaSol3p, Candida albicans ; SpSol1p, Schizosaccharomyces pombe ; Hs6PGL, H. sapiens ; Dm6PGL, Drosophila melanogaster ; At6PGL1, Arabidopsis thaliana ; Tb6PGL, Trypanosoma brucei ; Pae6Pgl, Pseudomonas aeruginosa ; AnaDevB, Anabaena sp.; and TmaDevB, T. maritima. HsH6PD, H. sapiens, and Pf6PGL, Plasmodium falciparum, are two members of this family that contain both 6Pgl and G6PD domains. HsOscl, human oscillin (GNP1, glucosamine-6-phosphate deaminase), and EcNagB, E. coli, are two members of the Nag family. A schematic is also presented showing the relationships between these two families. Helices are shown in red boxes and sheets are shown in blue boxes. Green boxes represent regions of special importance to the catalytic activity of the Nag family (Rudino-Pinera et al. 2002; Arreola et al. 2003) . Protein lengths are indicated to the right. (B) Alignment of Sol and Nag proteins. CLUSTAL X alignment of selected family members, beginning with residue 91 of ScSol1p. Other members are the same as in A. Color coding of amino acids is turned on when at least 10% of the residues in a column are identical or similar on the basis of the BLOSUM 62 matrix. LIVM, blue; YFW, magenta; STAGC, green; DE, red; KRQHN, brown; P, dark blue. Background shading reflects the percentage of identity/similarity within a column: 15-49%, light gray background; 50-74%, yellow background; Ͼ74%, yellow background with the consensus line underlined. Similar residues that have higher conservation in the Nag family than in the Sol family are indicated by white type on a dark gray background. Structural information is coded as above, helices are indicated on a red background, and sheets are indicated on a blue background, while a green background represents regions of importance to catalytic activity. Catalytic residues in the Nag family are indicated by asterisks. (C) Structural comparison of the Sol and Nag families. Shown are views of the same face of TmaDevB (1PBT; Kim et al. 2003) and HsOscl (Arreola et al. 2003) . Color coding is the same as in A and B. Structures were generated from the crystallographic coordinates with Swiss-Pdb Viewer. anticipated redundancy of members of the Sol protein copy plasmids with functional SOL1 or SOL2 genes do not possess any greater 6Pgl activity than cells containing family, our strategy was to assay cells possessing only a single member of this family. Therefore we employed the vector only (Figure 3 ). In contrast, cells containing multi-copy plasmids with SOL3 or SOL4 provided activity strain MLW115 lacking all four members and supplied this strain with each SOL gene individually via a multibeyond wild-type levels ( Figure 3 ; Table 1 ). Thus, as expected, members of the Sol protein family appear to copy vector.
Compared to the wild-type strain (X2316-3C) conencode 6Pgl activity; however, unexpectedly Sol1p and Sol2p do not provide cells with 6Pgl activity. taining the vector pRS426, the strain with the entire SOL family deleted (MLW115) containing pRS426 had The Sol family members have different subcellular distributions: As phosphogluconolactonase catalysis should very low, if any, 6Pgl activity. Cells containing multioccur in the cytosol, we anticipated that Sol3p and Sol4p would be cytoplasmic proteins. If suppression of the los1::kan r phenotype by multi-copy Sol1p and Sol2p occurs by altering tRNA biogenesis, then one might anticipate that these two proteins would be located in the nucleus. We determined the cellular location of functional tagged versions of these proteins employing indirect immunofluorescence and cell fractionation.
Amino-terminal GST-tagged versions of Sol2p and Sol4p obtained from the arrayed collection of GSTtagged yeast genes (Martzen et al. 1999) were active as assessed by the multi-copy los1 suppression assay for Sol2p (not shown) or the coupled 6Pgl assay for Sol4p (Figure 3 ) and each gave rise to only full-length protein as detected by Western analysis using anti-GST antibody (not shown). A GST-tagged version of Sol3p appeared to be proteolytically cleaved as assessed by Western analysis (not shown) and therefore its location was not studied. Gene expression of the GST-tagged constructs is inducible by copper. In the absence of copper, cells containing pGST-SOL2 and pGST-SOL4 express low levels of a cytosolic, apparently nuclear-excluded, signal recog- The amino-terminal GST-tagged Sol1p was not funcwith vector pRS426; red solid circles, MLW115 ϩ pRSSOL1; tional. Therefore, we employed a previously constructed green open triangles, MLW115 ϩ WS80 (pRSSOL2); darkblue solid triangles, MLW115 ϩ WS92 (pRSSOL3); orange functional version of Sol1p (Shen et al. 1996) ( Figure 4) . In contrast, cells containing a multi-copy vector the los1 phenotype via action of an alternative tRNA nuclear export pathway, one might expect that los1 cells ation procedures followed by Western analysis, we were able to assess the distribution of Sol1p-HA encoded by containing multi-copy SOL1 would evidence reduced tRNA nuclear pools compared to los1 cells with vector YCpSOL1-ET. In agreement with the immunofluorescence results, Sol1p-HA was detected primarily in the alone. Indeed, los1 cells possessing multi-copy LOS1 have reduced tRNA nuclear pools (Feng and Hopper nuclear fraction (not shown). Sol1p, Sol2p, and Sol4p had the same subcellular distributions in los1 mutant 2002). Despite the prediction, no apparent changes in nuclear levels of tRNA Met and tRNA Tyr in los1 cells posand wild-type cells (not shown).
A recent genome-wide project reported Sol1-GFP, sessing multi-copy SOL1 were observed (data not shown). However, because FISH is primarily a qualitaSol3-GFP, and Sol4-GFP to be located in the nucleus and the cytosol, whereas Sol2-GFP was reported to be tive technique, we cannot rule out the possibility that overexpression of SOL1 causes a reduction of tRNA nunuclear excluded (Huh et al. 2003) . One possible reason that the data for Sol4p are not in complete agreement clear pools.
To address a possible role for the Sol proteins in could be construct functionality as it is unknown whether the GFP-tagged SOL constructs are active. Alternatively, tRNA nuclear export in a different way, we performed FISH analyses for LOS1 cells possessing deletions of protein expression levels might account for the differences as Huh et al. (2003) studied integrated genes individual and combinations of the SOL genes ( Figure  5 and data not shown). Wild-type and sol4::hph r cells with endogenous regulation whereas our studies utilized multi-copy plasmids.
possess very low levels of nuclear tRNA Met , whereas sol1::URA3 and sol2::URA3 ( Figure 5 , top two rows) and In sum, our data show that there is a significant nuclear pool of Sol1p under the conditions in which it sol1::ura3 sol2::ura3 sol3::ura3 sol4::hph r (not shown) possess significant tRNA Met nuclear pools, comparable to acts as a los1 suppressor. In contrast, the other members of the family that are poorer suppressors (i.e., Sol2p) los1::kanMX4 cells ( Figure 5 , top two rows). Similarly, wild-type and sol4::hph r cells possess low, but detectable, or that lack detectable suppressor activity (i.e., Sol4p) appear to reside primarily in the cytosol (Table 1) . levels of nuclear tRNA Tyr , and the levels are increased in sol1::URA3 and sol2::URA3 cells ( Figure 5 , bottom Sol1p, but not Sol4p, functions in tRNA nuclear export: Previously we employed in vivo labeling procetwo rows) as well as in cells missing all four SOL genes (not shown). The data show that Sol1p and Sol2p affect dures to assess whether Sol1p suppresses los1 defects by affecting tRNA biogenesis. No effects by Sol1p overextRNA nuclear export whereas Sol4p has no detectable role in this process (Table 1) . pression or by sol1 and sol2 deletion upon tRNA processing or accumulation were detected (Shen et al. 1996) . To readdress how the Sol1 and Sol2 proteins affect tRNA-DISCUSSION mediated nonsense suppression, we assessed whether these proteins affect the distribution of tRNAs between Sol1p-Sol4p-an unusual example of a protein family whose individual members are biochemically distinct the nucleus and the cytosol employing FISH.
Cells defective in Los1p have increased nuclear pools and spatially dispersed: Here we show that the Sol pro- tein family is apparently involved in both tRNA nuclear however, Gal3p does not possess kinase activity (Platt et al. 2000 and references within). There are other examexport and carbon metabolism. There is precedent for individual proteins functioning in multiple biochemical ples of protein families in which the individual members act in related processes in separate subcellular compartpathways. For example, some mitochondrial aminoacyl tRNA synthetases function in group I pre-mRNA splicments. For example, two different highly related human oxidative demethylases act to repair alkylation damage ing, in addition to bringing amino acids to the ribosome during translation (see Myers et al. 2002 for a recent to DNA in the nucleus and RNA in the cytosol (Aas et al. 2003 ) and thus present a protein family with one summary). Dual function of the aminoacyl synthetases apparently involves the ability to fold/stabilize a tRNAmember able to bind DNA in the nucleus and the other member able to bind RNA in the cytosol. like structure of the group I introns prior to RNA-mediated catalysis. There are also numerous examples of
The Sol family appears to differ from other protein families with multiple functions in that Sol members dinucleotide-dependent enzymes able to catalyze various metabolic reactions (e.g., aconitase, glyceraldehydeappear to be spatially dispersed and affect the biochemically distinct processes, tRNA nuclear export and carbon 3-phosphate dehydrogenase, and lactate dehydrogenase) that also possess the ability to bind nucleic acids metabolism. Sol1p, the best los1 suppressor, has a predominant nuclear pool, whereas Sol3p and Sol4p, which and to catalyze reactions involving nucleic acids (Hentze 1994; Pioli et al. 2002) . It has been proposed that have little or no detectable effect upon los1 suppression or tRNA biogenesis, are located predominantly in the dinucleotide binding domains may also function in RNA binding, allowing for dual activities of this class of procytosol (Huh et al. 2003 ; Figure 4 ). However, we did not detect a nuclear pool for Sol2p even though it acts teins (Hentze 1994) .
In contrast to the above examples, it appears that as a multi-copy suppressor of los1 (albeit less than Sol1p) and its deletion affects nonsense suppression (Shen et al. individual Sol proteins do not possess multiple activities. Rather there appears to be a division of labor among 1996) and the distribution of tRNA between the nucleus and the cytosol. family members. There is also precedent for individual members of gene families to function in distinct, but
Although we do not know if Sol3p and Sol4p would affect tRNA biogenesis if directed to the nucleus, it does related, processes. The S. cerevisiae cytosolic Gal1 and Gal3 proteins provide such an example. Gal1p is a galacnot appear that Sol1p or Sol2p affect carbon metabolism since cells containing either Sol1p or Sol2p on multitokinase affecting galactose metabolism. Gal3p tethers the negative transcription regulator, Gal80p, in the cytocopy vectors do not possess detectable 6Pgl activity in cellular extracts. Whereas Sol1p and Sol2p are clearly sol, allowing the positive regulator, Gal4p, to recruit the transcription complex to DNA in the nucleus (Peng and homologous with Sol3p and Sol4p, they are only ‫%05ف‬ similar in amino acid sequence, rendering it difficult Hopper 2002). Both Gal1p and Gal3p bind galactose; to assign regions of Sol1p and Sol2p that could function functioning analogously to amino acid sensing. One could perhaps distinguish between direct vs. regulatory roles if in tRNA nuclear export. We are unaware of another example of a protein family whose individual members Sol1p and Sol2p interactors were known. Unfortunately, to date, neither the genome-wide two hybrid searches are spatially dispersed and function in distinct biochemical pathways; thus, the Sol proteins may define a new (Uetz et al. 2000; http:/ /portal.curagen.com/) et al. 1978 , 1980 Kadowaki et al. 1993; Sharma et al. 1996; Simos et al. 1996) , consistent with the recent reated nonsense suppression, but have no detectable effect upon pre-tRNA splicing. That suppression is as efports that pre-tRNA splicing may occur in the cytosol (Huh et al. 2003; Yoshihisa et al. 2003) . Curiously, none fective in cells with los1 null alleles as in cells with the los1-1 point mutation likely means that Sol1p and Sol2p of the known components of the Los1p-independent pathway(s) appears to affect pre-tRNA splicing. It is diffunction in a pathway that operates in parallel to Los1p. If Sol1p and Sol2p serve a direct role in Los1p-indepenficult to rectify nuclear accumulation of mature spliced tRNAs with the idea that splicing occurs in the cytosol. dent tRNA nuclear export, then the fact that cells missing both the Los1p export pathway and the Sol1p/Sol2p
One feasible, but unorthodox, idea is that in cells with defective Cca1p, tRNA charging enzymes, Sol1p or genes (i.e., los1 sol1 sol2) are viable (Shen et al. 1996) could indicate that there are greater than two pathways Sol2p, etc., there is retrograde movement of tRNA from the cytosol to the nucleus. for exporting tRNAs from the nucleus in S. cerevisiae.
To date, several other gene products have been impli- Sarkar et al. 1999; Grosshans et al. 2000; Azad et al. 2001) , the translation factor eEF1-A LITERATURE CITED (Grosshans et al. 2001) , and tRNA modification proAas, P. A., M. Otteriel, P. O. Falnes, C. B. Vå ggbø, G. Skorpen teins such as Pus1p (Simos et al. 1996) . We do not know propriate. There is precedent for such communication known that amino acid deprivation causes tRNA nuclear Bohnsack, M. T., K. Regener, B. Schwappach, R. Saffrich, E.
accumulation, presumably via decreases in nuclear levels Paraskeva et al., 2002 Exp5 exports eEF1A via tRNA from nuclei and synergizes with other transport pathways to confine transof charged tRNAs (Sarkar et al. 1999; biogenesis and/or nuclear export machinery, thereby
